Actin-independent maturation of rabies virus in neuronal cultures
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Rabies Unit, Pasteur Institute, 25 rue du Dr Roux, 75724 Paris Cedex 15, France This study outlines the effects of a modification of the actin-based cytoskeleton on the maturation of rabies virus in human neuroblastoma cell and primary rat cortical neuron cultures. In a Ca2÷-depleted or an EGTA-containing medium, disruption of microfilaments did not affect intracellular viral nucleoprotein synthesis, as demonstrated by dual-immunofluorescence microscopy, and caused no change in the extracellular titre of rabies virus. Furthermore, the continuous presence of the anti-calmodulin drugs trifluoperazine (1 to 20 ktM) and chlorpromazine (1 to 30 gM), or the L-type Ca 2+ channel antagonist nifedepine (1 to 10 gM) or the Ca2+-specific ionophore A23187 (0-05 to 1.0 ~tM), did not modify the extracellular titre of rabies virus significantly over a 48 h period. The inference from these studies is that the maturation of rabies virus is independent of the integrity of the microfilament structures and calmodulin-dependent processes of neuronal cells.
The assembly and maturation of rabies virus is believed to be similar to that of other members of the Rhabdoviridae, particularly vesicular stomatitis virus (VSV) (Pal & Wagner, 1987) . However, despite advances in the understanding of the intracellular process of virus assembly, the precise mechanism that initiates the outfolding of a patch of modified cellular membrane containing viral protein is not fully understood. The association of actin with many enveloped viruses implies that microfilaments have an intimate role in the maturation of infectious virus (Dix & Courtney, 1976; Wang et al., 1976; Damsky et al., 1977) , notably by the vectorial polymerization of actin at the plasma membrane (Bohn et al., 1983 (Bohn et al., , 1986 . Consequently, the identification of actin associated with purified rabies virus (Naito & Matsumoto, 1978) led to the proposal that is plays an active role in rabies virus maturation. However, the release of rabies virus (Bussereau & Perrin, 1982; Lycke & Tsiang, 1987) and VSV (Genty & Bussereau, 1980) are not inhibited by the microfilamentdisrupting agent cytochalasin B, arguing against direct participation of actin in the budding of these viruses. To reassess the involvement of actin in the maturation of the neurotropic rabies virus we have examined the effect of agents capable of producing actin filament disruption in neuronal cells. These agents function by inhibiting Ca 2+-mediated [EGTA (Birtch & Allen, 1980 ) and A23187 (Osborn & Weber, 1980a) ] and calmodulin-operated [chlorpromazine and trifluoperazine (Osborn & Weber, 1980b; Piazza & Wallace, 1985) ] mechanisms.
Primary rat cortical neurons were prepared from 14-day-old rat embryos as previously described (Lockhart et 0001-0205 © 1991 SGM al., 1991 and maintained in F-10 medium (0.65 mMCa ~+) containing 7.5 ~o foetal calf serum (FCS) (3.8 mMCa z+) and 7-5~o horse serum (HS) (2-8 raM-Ca2+). The human neuroblastoma cell line IMR-32 was cultured in F-10 medium containing 10~ FCS. Baby hamster kidney (BHK) and chicken embryo-related (CER) fibroblasts were maintained in Eagle's MEM (1-6 mMCa 2÷) (Gibco) containing 0-3~ tryptose supplemented with 10~o FCS. Calcium-deficient medium consisted of Earle's balanced saline solution (EBSS) containing 0.017 mM-Ca 2÷ (Gibco) and 2~ 50x amino acid solution (Flow Laboratories), 1 ~ 100 x vitamin mixture (Flow Laboratories), 0-1 mM-glutamine and 2 mM-MgSO 4. The calcium concentration in these media was determined by atomic absorption spectroscopy using the procedure of Trudeau & Freier (1967) . All media were supplemented with penicillin (100 international units/ml) and streptomycin (100 lag/ml).
Cells (5 x l0 s) were seeded in 35 mm Vitrogen-coated plastic Petri dishes and incubated for 24 h at 37 °C in a humidity-saturated incubator. Monolayers were infected with the BHK-adapted challenge virus standard, fixed rabies virus strain (4-6 x 106 p.f.u.) for 1 h at 37 °C. Unadsorbed virus was removed by washing and 2 ml of defined medium containing different concentrations of drugs or EGTA was added immediately. Culture supernatants were sampled every 24 h or after 48 h and titrated for the presence of infectious virus by an in vitro plaque assay (Smith et al., 1977) . At the drug concentrations indicated, cell death did not exceed about 20~o of the control value as assessed by tryptan blue dye exclusion or a sensitive histofluorescence staining method using fluorescein diacetate and propidium iodide, as described by Jones & Senft (1985) . Cell cultures were then fixed with 3-7~o freshly hydrolysed paraformaldehyde for 20 min at 37 °C and permeabilized with 8 0~ acetone at -2 0 °C for 20 min. Dried cells were incubated with fluorescein isothiocyanate (FITC)-labelled rabbit anti-rabies virus nucleocapsid IgG (Pasteur Diagnostics) at a dilution of 1 : 20 for 45 min at 37 °C. Tetramethylrhodamine B isothiocyanate (TRITC)-labelled phalloidin (25 ~tg/ml) (Sigma) was applied to the cells for 1 h at 37 °C, which were then washed in PBS and covered with a drop of mounting medium (Citifluor). Cells were viewed with an inverted Zeiss microscope and photographed under phase contrast or u.v. illumination using Ilford PAN F film (50 ASA) and Kodak TMY film (400 ASA), respectively. E G T A treatment caused an increase in the aggregation of primary cortical neurons (compare Fig. 1 a with Fig. l b) . Although this normally occurs in aging neuronal cultures over a period of days the process was accelerated dramatically (1>24 h) in the presence of 0-5 mM-EGTA. Dual-immunofluorescence microscopy revealed that despite the marked change in the morphology of neuronal cultures, the microfilament architecture was not greatly altered and viral nucleoprotein inclusions could still be detected in EGTA-treated cells ( Fig. 1 c and  d ). In addition, viral glycoprotein could be detected on the surface of unfixed, EGTA-treated cells by immunofluorescence microscopy with an anti-rabies virus glycoprotein monoclonal antibody (data not shown). The effect of E G T A on the neuroblastoma cell cultures was greater and caused extensive 'rounding-up' of the cells (Fig. 2a and b ) which coincided with a disruption of the actin-based cytoskeleton to form a condensed perinuclear ring, but did not affect viral nucleoprotein synthesis ( Fig. 2c and d) . This effect was not restricted to neuronal cell lines as fibroblast (CER and BHK) cells showed a similar EGTA-induced cellular contraction and unmodified nucleoprotein synthesis (data not shown).
To study the release of rabies virus in relation to the degree of microfilament disruption systematically, we determined the rate of rabies virus production during a 4 day incubation with EGTA. No significant modification in the kinetics of virus production was observed in any of the cell lines tested in either Ca2+-depleted or EGTAtreated, CaZ+-depleted medium, compared with that in cell lines in control medium (Fig. 3) . It must be emphasized that despite the extensive morphological changes observed, EGTA showed no significant toxic effect at the concentrations employed. Furthermore, the EGTA-induced 'rounding-up' of cells was reversible on addition of normal medium to the treated cultures. The addition of the anti-calmodulin phenothiazine drugs trifluoperazine (1 to 20 ~tM) and chlorpromazine (1 to 30 ~tM) immediately after virus infection induced evident morphological changes in cell shape within 24 to 48 h which were similar to the effects observed after EGTA treatment. No change in the production of extracellular virus by treated cells was observed during a 48 h incubation (Fig. 4a and b) . We also investigated the effect of channel-mediated Ca z+ entry on the production of rabies virus using the reversible L-type Ca 2+ channel blocker, nifedepine (Fig. 4c) . This agent was deemed to be able to block neuroblastoma cell and primary cortical neuron Ca 2+ channels effectively owing to its ability to cause extensive 'rounding-up' of the cells, but caused no significant decrease in the extracellular titre of rabies virus during a 48 h incubation. Similarly, the Ca 2+-specific ionophore, A23187, at a concentration of 1.0 IXM, was capable of inducing cellular contraction within 10 h, the result of a modification in actin filament organization, but 0-05 to 1-01.tM-A23187 did not decrease the extracellular titre of rabies virus at 48 h (Fig. 4d) . Furthermore, we observed no significant decrease in rabies virus titre in neuroblastoma or cortical neurons for 2 days after treatment with 1 to 20 ~tg/ml cytochalasin B (data not shown).
In this study the accumulation of an intracellular Ca 2÷ pool of sufficient size to mediate actin polymerization is unlikely because the extracellular concentration of Ca 2÷ is decreased using EGTA or by blocking Ca 2÷ channels with nifedepine. Similarly, the phenothiazine anticalmodulin antagonists A23187 and EGTA disrupt microfilament structure. Consequently, the fact that rabies virus can be released from neuronal cells containing a disrupted and non-functioning microfilament framework suggests that the presence of actin in rabies virus (Naito & Matsumoto, 1978) may be irrelevant to the mechanism of virus extrusion. Instead rabies virus-associated actin may simply represent a passive interaction between rabies virus proteins and membrane-associated actin during the budding of virus. Griffin & Compans (1979) have shown previously that disruption of cellular microfilament organization does not prevent either the maturation or the incorporation of actin into VSV and influenza virus. Furthermore, the inability of the phenothiazines to inhibit rabies virus budding is evidence against any calmodulin-regulated mechanism of rabies virus morphogenesis at the plasma membrane. These results contrast with studies on the maturation of measles virus which showed that the anticalmodulin agents trifluoperazine and chlorpromazine (Bohn et al., 1983) inhibit budding of the virus.
Since it is apparent that intact actin structures are not required for rabies virus maturation, the vectorial polymerization of actin filaments can be excluded as a mechanism contributing to rabies virus budding. Although actin does appear to play a role in the assembly and budding of the Paramyxoviridae, particularly measles virus (Simons & Garoff, 1980; Moyer et al., 1990) , our studies, in conjunction with previous reports (Bussereau & Perrin, 1982; Lycke & Tsiang, 1987) , suggest no such relationship exists between the actinbased cytoskeleton and the basic events of rabies virus maturation. Moreover, electron microscopic studies of rabies virus budding at the plasma membrane suggest no interaction between the virus and cellular microfilament systems (Iwasaki & Minamoto, 1982; Iwasaki et al., 1985) .
If the actin-based microfilament network is not a factor involved in rabies virus release, then what triggers exocytosis of the virus? Our results tend to favour a mechanism with limited involvement of host cell microfilament structures in the process of rabies virus maturation. Localized changes in the ionic environment (Heggeness et aL, 1980) or the binding of matrix protein to virus glycoprotein-associated nucleocapsid triggers the coiling of the nucleocapsid of VSV (Metsikko & Simons, 1986; Odenwald et al., 1986; Ono et aL, 1987) . The coiling of the nucleocapsid into an ordered structure is likely to overcome the energy barrier to virus budding at the plasma membrane. Therefore we can tentatively presume that it is the synchronous coiling of the nucleocapsid and not a vectorial polymerization of actin filaments that produces the driving force necessary for rabies virus budding.
